Metabolic homeostasis
The nervous system orchestrates whole-body homeostatic mechanisms by integrating extrinsic and intrinsic signals and communicating these to peripheral tissues. To date, much attention has been paid to the nervous system as a central regulator of metabolic homeostasis. However, despite a wealth of data linking metabolic processes to multiple facets of the aging process, neuronal mechanisms that regulate organismal aging itself are just coming into focus in both invertebrate and mammalian systems. A growing number of well-established longevity regulators, including dietary restriction (DR), sirtuins, insulin/IGF-like signaling (IIS), and AMP-activated protein kinase (AMPK), are now known to act via neuronal mechanisms. As such, the nervous system is emerging as a crucial therapeutic target to combat age-related diseases and promote healthy aging.
Neuronal mechanisms broadly fall into four highly interconnected categories, which converge to regulate common downstream outputs in peripheral tissues.
Sensory Mechanisms
Sensory perception of environmental cues and extrinsic signals regulates the rate of aging via multiple mechanisms. Several of these converge on the perception of nutrient availability. DR, which promotes healthy aging across the evolutionary spectrum, activates the transcription factor SKN-1 in a subset of C. elegans neurons, altering systemic metabolism. Nutrient type also infl uences lifespan, acting via the neuromedin U receptor in C. elegans (Alcedo et al., 2013) . Highlighting the importance of perceived nutrient availability, ablation or reduction in activity of olfactory neuronal subpopulations in C. elegans and Drosophila extend lifespan via enhanced stress resistance in peripheral tissues (Alcedo et al., 2013) . The gustatory system further infl uences lifespan but in a bidirectional manner, as distinct gustatory neuronal subpopulations oppositely affect lifespan via both IIS-dependent and -independent downstream mechanisms (Alcedo et al., 2013) . Perception of other environmental stimuli in addition to nutrient availability also regulates aging. For example, low oxygen levels promote longevity in C. elegans via the stabilization of neuronal hypoxia-inducible factor 1 (HIF-1), triggering cell-nonautonomous signaling to the intestine to activate xenobiotic detoxifi cation mechanisms (Leiser et al., 2015) . Less is known about the contribution of sensory mechanisms to aging in mammalian systems, although that is changing. For example, pain perception in mice promotes longevity via a calcium signaling cascade that regulates neuropeptide signaling, leading to improved metabolic health (Riera et al., 2014) . The hypothalamus, which receives multiple sensory inputs, is also a key site of longevity regulation via other mechanisms, suggesting that sensory infl uences on the aging process may well be conserved in mammals.
Metabolic Mechanisms
Mechanisms that control energy homeostasis and metabolic function are closely linked to the sensory system and also regulate aging via neuronal actions. Activation of the cellular energy sensor and DR mediator AMPK promotes longevity via neuronal pathways in both Drosophila and C. elegans. In Drosophila, neuronal activation of AMPK results in cell-autonomous and non-autonomous induction of autophagy, which is suffi cient to promote longevity (Ulgherait et al., 2014) . In C. elegans, AMPK activation promotes longevity by phosphorylation-dependent nuclear exclusion of CREB-regulated transcriptional coactivator (CRTC-1) in neurons, resulting in altered systemic mitochondrial metabolism and dynamics (Burkewitz et al., 2015) . Notably, although a role for neuronal AMPK is yet to be demonstrated in mammals, promotion of longevity in mice via reduced pain perception also requires neuronal nuclear exclusion of CRTC1 (Riera et al., 2014) . Another key metabolic sensor, SIRT1, is an NAD+-dependent deacetylase that has considerable interplay with AMPK. Neuronal-specifi c overexpression of SIRT1 is suffi cient to promote longevity in mice via hypothalamic action that promotes systemic metabolism (Satoh et al., 2013) .
Cellular Stress
Perturbations to cellular homeostasis result in activation of cell-autonomous and non-autonomous stress responses that can infl uence aging via communication to and from the nervous system. Organelle-specifi c stress responses that detect loss of proteostasis via the unfolded protein response (UPR) have a prominent role. Neuronal induction of the endoplasmic reticulum UPR (UPR ER ) transcriptional program delays aging in C. elegans via improved stress resistance in peripheral tissues (Schinzel and Dillin, 2015) . Similarly, mitochondrial stress in neurons induces the mitochondrial UPR (UPR mt ) in peripheral tissues and extends C. elegans lifespan (Schinzel and Dillin, 2015) . Responses to age-related chronic cellular stress are also orchestrated in the nervous system by heat shock factors (HSF). Neuronal activation of HSF-1 delays aging in C. elegans via pro-longevity gene transcription in the intestine (Douglas et al., 2015) . Delayed aging as a consequence of neuronal stress responses may be conserved in mammals, as exogenous administration of heat shock protein 70 (Hsp70) improves neuronal function and extends lifespan in mice (Bobkova et al., 2015) .
Neuroendocrine Mechanisms
A number of direct roles for the regulation of aging by neurotransmitter and hormone signaling have been identifi ed. IIS, a highly conserved pathway that infl uences aging across multiple species, is regulated by the nervous system. Studies using both invertebrates and vertebrates have demonstrated that reduced IIS specifi cally in neurons is suffi cient to promote longevity, indicating a conserved role for this integral neuroendocrine mechanism. In Drosophila, reduced production of insulin-like peptides (DILPs) either by ablation of the neurosecretory cells that produce them or by activation of dFOXO in the head fat body extends lifespan via repression of insulin signaling in the peripheral fat body (Alcedo et al., 2013) . In mice, brain-specifi c deletion of the insulin receptor substrate 2 (Irs2) or inactivation of insulin-like growth factor receptor (IGF-1R) both extend lifespan with concomitant alterations to growth, fat storage, and glucose homeostasis in peripheral tissues (Alcedo et al., 2013) . Beyond IIS, inhibition of serotonin signaling increases C. elegans lifespan via mechanisms associated with DR (Alcedo et al., 2013) . Hormone signaling from the hypothalamus further regulates aging in mice; reduced activity of hypothalamic IB kinase- (IKK-)/nuclear factor B (NF-B) prevents age-related decline in gonadotrophin-releasing hormone (GnRH), resulting in neurogenesis and cognitive improvement, improved peripheral tissue homeostasis, and lifespan extension (Zhang et al., 2013) .
